INTRODUCTION
Laser ultrasound for NDE applications is reported in several places within this Review. Interest in the subject remains high, even though the cost of associated instrumentation remains high. Benefits associated with optical probing of a sample include potentially high spatial resolution, truly non-contacting transduction permitting non-contact C-scan inspection systems, and the possibility of probing structures having awkward surface shapes. Non-contact imaging systems were first reported at an earlier review [1] . Images of defects in carbon-fiber composite samples have been demonstrated in both reflection mode and more recently in transmission mode [2] . In all cases, such experiments have been conducted using a Fabry-Perot interferometer scheme as the basis for ultrasonic detection. Such schemes use bulky and expensive lasers, leading to an impetus to examine other forms of interferometers. For portability, fiberoptic schemes provide such a possibility.
The use of a fiber-optic Fizeau-type interferometer for monitoring ultrasound has been reviewed by Dudderar et al. [3] . For practical use, we have designed an actively stabilised system to provide constant path length within the interferometer. Its potential lies in the guiding of laser light to and from the sample without using awkward conventional beam steering optics. Present sensitivity is such that it is capable of recording ultrasound from both polished and shot-blasted metallic surfaces containing surface-breaking slots.
INTERFEROMETER CHARACTERISTICS
A bi-directional fiber-optic coupler, designed for operation at a laser wavelength of 633 nm, was used for input beam delivery and output beam extraction, Fig. 1 . The input laser beam was launched into the single mode fiber from a 60 mW He-Ne laser. Via the coupler, 50% of the launched beam reached the sample. Reflected or scattered light from the sample re-entered the fiber and was guided to the photodetector where it interfered with a reference beam derived from the direct Fresnel reflection at the fiber end face close to the sample. By positioning the end very close to the sample, sufficient light was re-Iaunched into the fiber to give approximately 100% fringe depth modulation after interfering with the "' " 4 % reference beam formed by Fresnel reflection.
In an analogous approach with some other forms of interferometer [4] , the effects of low frequency vibrations (due to environmental fluctuations) were countered by adjusting the cavity length via a PZT transducer mounted close to the fiber end. Negative feedback introduced from the interferometer signal detected by the photodiode ensured that the interferometer could be held close to its ideal operating point (half of the fringe amplitude) whilst ultrasonic displacements measured at the sample's surface were directly recorded by the photodetector and relay,ed to a LeCroy TR 8818 digitizer.
Both signal and reference beams of the interferometer followed identical paths within the fiber. Hence, any externally induced birefringence in the fiber affected both signal and reference beams to equal extent, so avoiding fringe fading due to polarisation variation.
LASER-ULTRASONIC MEASUREMENTS
As an example of the interferometer performance, Fig. 2 shows an ultrasonic waveform obtained on epicentre through a standard 2.5 cm thick aluminium sample (polished).
Ultrasound was generated on the opposite surface by a Q-switched Nd:YAG laser, "' " 10 ns pulse duration with an incident energy pulse of "' " 15 mJ. From a target surface modified with a very thin grease layer, the waveform displays typical characteristics [5] , where monitoring laser power onto the target was 14 mW. This single shot waveform shows a sharp pulse corresponding to the longitudinal arrival of ultrasound (at"'" 3.7 p.s), virtually no shear signal (at"'" 7.4 p.s) and several side wall reflections (at"'" 9.6 p.s and beyond). Waveform noise before the longitudinal (L) arrival was due to a combination of electronic and shot noise associated with the detector system. After the L-arrival, noise is due to forward scattering of ultrasound by the microstructure of the sample. This demonstrates one advantage of an optical fiber sensor; the small spatial extent of the sensing area on the sample, typically 2 x 10. 7 m 2 reduces spatial integration effects which occur with conventional ultrasonic transducers.
An analysis of such waveforms has shown that presently the minimum detectable signal level is 50-60 pm over a 30 MHz detection bandwidth.
The system has been used to study surface-breaking artificial slots and fatigue cracks in steel samples. Laser-generated Rayleigh wave pulses, instead of bulk waves, were used to investigate ultrasonic interaction with such defects. Fig. 3 shows example surface waveforms obtained from slots in shot-blasted steel samples having a slot depth range of 0.1 mm to 3.0 mm. With laser generation and detection on the same side of the slot, and with laser spots along a line normal to the slot length, waveforms revealed typical features of Rayleigh wave interaction with a slot [6, 7] . They confirmed the broad-band displacement measurement capability expected from this new fiber sensor probe. Waveforms showed that the probe was just capable of resolving the surface skimming longitudinal (L) wave, whereas the Rayleigh pulse (R) dominated. Rayleigh wave pulses from the slot (RR) altered their form with slot depth. The two negative features associated with the RR ultrasonic feature increased in time separation, ~t, with slot depth d, according to an approximate expression [6] ,
where v, is the Rayleigh wave velocity, Vs is the shear wave velocity and w is the width of the slot.
From expanded waveforms of the RR feature, the linear behaviour of reflected RR wave time separation with slot depth was confirmed, Fig. 4 . The line did not pass through the origin. Instead, the y-axis intercept value is associated with the transit time of a Rayleigh wave across the bottom of the slot and back -in agreement with the explanation by Cooper et al. [6] . Surface waveforms recorded by a fiber optic interferometer, displaying a Rayleigh pulse reflection from a 6 mm fatigue crack. Waveform is the average of five laser shots.
Similar experiments with tight fatigue cracks in steel samples have not been so informative. Using tight fatigue cracks, "'" 6 mm deep, as measured at the sides of the sample, Rayleigh pulses were both reflected and transmitted through the crack. The reflected pulse, Fig. 5 , was a different shape to those in slots, and was of opposite phase to the incident pulse. Such a shape was consistently seen for the case of a tight fatigue crack. Additionally, when the ultrasound sensor was used to examine the transmitted Rayleigh pulse, at least 80% in amplitude of the incident Rayleigh pulse was transmitted through the crack interface, Fig. 6 .
The transmitted pulse is similar in shape to the incident pulse, Fig. 5 . Further studies are required before the shape of the reflected Rayleigh pulse can be understood. 
CONCLUSIONS
A fiber-optic Fizeau interferometer with active path length stabilization has been developed to monitor broadband ultrasonic displacements. Absolute displacement sepsitivity of 50 pm has been obtained over a 30 MHz frequency bandwidth. This sensor has monitored bulk waves and surface waves on polished and shot-blasted surfaces. The polarity of Rayleigh pulses reflected from cracks no longer had a simple correspondence to the incident Rayleigh pulse, as in the case of reflections from artificial slots.
